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This work detects multi-scale, from hour to seconds, pressure-balanced structures (PBSs) in the solar wind based on the anti-
correlation between the plasma thermal pressure and the magnetic pressure measured by WIND at 1 AU on April 5th, 2001. In
our former research based on Cluster measurements, we showed the anti-correlation between the electron density and the magnetic
field strength in multi-scales, and we supposed these structures may be pressure-balanced structures. Thus, in this work we aim to
prove our speculation by the direct evidence on pressure measurements. Diﬀerent from our previous work, we apply the WIND
measurements this time, for they have both the magnetic pressure and the plasma pressure which Cluster could not oﬀer. We use the
wavelet cross-coherence method to analyze the correlation between the plasma pressure (Pth) and the magnetic pressure (PB), and
also the electron density (Ne) and the magnetic field strength (B) on various scales. We observe the anti-correlation between Pth and
PB distributed at diﬀerent temporal scales ranging from 1000 s down to 10 s. This result directly indicates the existence of pressure-
balanced structures (PBSs) with diﬀerent sizes in the solar wind. Further, We compare the wavelet cross correlation spectrum of
Pth-PB and Ne-B. We notice that the two spectra are similar in general. Thus this result confirms that the relation between Pth-PB and
Ne-B are consistent with each other in the PBSs we study. Moreover, we compare the power spectrum density (PSD) of relative Ne
fluctuation with our previous work based on Cluster measurements. The two spectra show similar trend with Komolgorov’s −5/3 as
their slopes. This may imply the similarity of the structures observed by both WIND and Cluster spacecrafts. Finally, we discuss the
possible formation mechanisms for these multi-scale pressure-balanced structures. Our result is important to support the existence
of multi-scale PBSs from one-hour scale down to one-minute, and is helpful to understand the role of compressive fluctuation in the
solar wind turbulence dominated by Alfve´nic cascading.
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Pressure-balanced structures (PBSs) typically are defined by
the anti-correlation between the fluctuations of the thermal
pressure (Pth) and magnetic pressure (PB) with the total pres-
sure staying steady. Because of the common observations
in the solar wind, the PBSs are believed to be the major in-
gredients of the solar wind turbulence and one of the most
prominent compressive fluctuations in the solar wind (see a
review [1] and references therein).
The first PBS was identified in the solar wind [2], accord-
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ing to the anti-correlation between the plasma thermal pres-
sure and the magnetic pressure, when the total pressure did
not change. Besides, Burlaga and Ogilvie [2] reported that
Pth and PB were negatively correlated on one-hour scale, in-
dicating the existence of PBSs on one-hour scale. Thieme
et al. [3] found similar evidence for PBSs in the ecliptic-
plane solar wind and suggested them originating from corona.
Marsch and Tu [4, 5] analyzed the correlations between dif-
ferent pairs of parameters like the density, the magnetic field
magnitude and so on by Helios data, indicating the Pth-PB
and n-B have the same trend of correlation in PBSs. Thus,
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Tu et al. [5] suggested a model invoking a superposition
of PBSs and perpendicular fast magnetosonic waves, which
could qualitatively explain the compressive fluctuations ob-
served in the solar wind. In the polar solar wind observed
by Ulysses spacecraft, the PBSs were also identified from the
anti-correlation of Pth and PB, and found to exist at scales
from half a day down to one hour [6–8].
Besides, the solar wind pressure is believed to play a key
role in the interaction between the solar wind and the earth
magnetosphere. The Dst index of the magnetic storm was
reported to have positive relation with the solar wind dy-
namic pressure [9]. In another aspect, Wei et al. [10] in-
dicated that the solar wind with high dynamic pressure and
high velocity may help transport more energy into the mag-
netosphere. Zong et al. [11] suggested small solar wind pres-
sure pulses or small dynamic pressure changes could impact
the radiation belt dynamics. Thus, it is necessary and impor-
tant to study the pressure variation, for example the pressure-
balanced structures in the solar wind.
Since the anti-correlation between fluctuations of the
plasma density n and the magnetic field magnitude B was of-
ten observed in association with PBSs [5,8,12] in the ecliptic
plane, the n − B anti-correlation may be used to identify the
PBSs at 1 AU. Currently, the distribution of solar wind elec-
trons was reported to have relation with the moon magnetic
field in the near-moon space [13]. Above all, it is also in-
teresting to study the relation between the electron density
variation and that of the magnetic field in the solar wind.
Previously, Kellogg et al. [14] found possible PBSs
with scales of seconds from the discrete anti-correlation of
Ne (electron density) and B in the solar wind. Recently,
Howes et al. [15] found the fluctuation of proton density was
anti-correlated against the fluctuation of magnetic field’s par-
allel component from their statistical study on WIND mea-
surements at 1 AU. And they suggested this anti-correlation
indicating the solar wind turbulence prone to being controlled
by kinetic Alfve´n wave rather than slow whistler wave. Yao
et al. [16], based on the Cluster measurements, for the first
time observed anti-correlation between Ne and B at various
scales from one hour to 10 seconds in the same solar wind
period, indicating the possible existence of PBSs. However,
since the Cluster measurements could not oﬀer convincing
electron temperature and thus the plasma thermal pressure,
a direct evidence from definition to support the existence of
these multi-scale PBSs is still in a lack. Diﬀerent from Clus-
ter, WIND could provide the magnetic pressure and the ther-
mal pressure of both protons and electrons. So we decided to
use WIND measurements to carry out the pressure analysis
on pressure-balanced structures.
Therefore, our research is focused on the relation of the
plasma thermal (kinetic) pressure fluctuations and the mag-
netic pressure fluctuations. This work is to directly determine
if the pressure-balanced structures from 1-h scale down to 10-
s scale are continuously embedded in the solar wind. Further,
we compare the results from Cluster measurements [16] with
that from WIND measurements. Finally, we discuss the prob-
able producing mechanisms of the detected small scale PBSs.
1 Observations
1.1 Instrument and data
In this work, we apply the data measured by WIND space-
craft published by NASA’s CDA web. The WIND spacecraft
was launched in the year 1994 and it was designed to mea-
sure the plasmas and magnetic field in the solar wind and in
the earth magnetosphere [17]. In the period we study, from
April 5th to April 6th, WIND was in the solar wind and about
200 RE away from the earth bow shock on Y direction in
the GSE (Geocentric Solar Ecliptic) coordinate. In our re-
search, we obtain the proton density (Np), the proton temper-
ature (Tp) and the solar wind velocity (V) from the instrument
Three Dimensional Plasma and Energetic Particles Investi-
gation (3DP) onboard WIND [18]. We obtain the electron
density (Ne), electron temperature (Te) from the instrument
Solar Wind Experiment (SWE) on WIND [19]. We obtain
the magnetic field magnitude (B) and its GSE components
from the instrument Magnetic Field Investigation (MFI) on
WIND [20]. The magnetic field data and proton data have
a time resolution of 3 s, while the electron data has a time
resolution of 6–12 s. Because of the diﬀerence in the time
resolution, we use linear interpolation on the electron data
to match the other two kinds of data in analyzing process.
All the data we used are in the GSE coordinate. Besides, we
use the proton temperature and density to calculate the proton
thermal pressure (Pth(pro)) and the electron temperature and
density for the electron thermal pressure (Pth(e)). We take the
sum of the proton and electron thermal pressure as the plasma
thermal pressure. The total pressure in our analysis is the sum
of the plasma thermal pressure and the magnetic pressure. In
order to depress the random noise in the power spectrum den-
sity (PSD), we apply the multitaper method [21, 22].
To study the correlation between Pth-PB and Ne-B, we in-
troduce the Morlet wavelet cross-coherence method, which
was developed in [23]. Since we need to discriminate the pos-
itive correlation and negative correlation, we show the spec-
trum of the cross coherence coeﬃcient together with the spec-
trum of the absolute phase angle. The detailed description of
the spectra of coherence coeﬃcient and coherent phase angle
was stated in [16].
1.2 Observation
We choose a solar wind period measured by WIND space-
craft at 1 AU, which begins from 19:00 April 5th, 2001 and
ends at 04:00 April 6th, 2001. In this period, the proton
density is between 3 and 8 cm−3, with the proton tempera-
ture around 0.2–0.3 MK. The solar wind velocity is about
550 km/s mainly on x direction of GSE coordinate. The elec-
tron density varies between 3 and 8 cm−3, and the electron
temperature stays steady around 0.17 MK. All the above are





























































Figure 1 An overview of the measurements from 3DP on WIND spacecraft between 19:00 April 5th and 04:00 April 6th, 2001 UT. The five panels show the
proton number density, the solar wind velocity magnitude and the x, y, z components in GSE coordinates. The last two panels shows the proton temperature
and its thermal pressure. The measurements are shown in the figure as data points.
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Figure 2 An overview of the measurements from SWE on WIND between 19:00 April 5th and 04:00 April 6th, 2001 UT. The first panel shows the time
variation of electron density. The second panel shows the electron temperature and the third panel shows the electron thermal pressure. The measurements are
shown in the figure as data points.
shown in Figures 1 and 2. The magnetic field stays steady be-
tween 5 and 8 nT, except for in 21:00–23:00 when the mag-
netic field falls down to almost 0 nT twice, shown in Figure 3.
The plasma thermal pressure is between 0.01 and 0.03 nPa,
and the magnetic pressure varies between 0 and 0.03 nPa.
The total pressure is stable around 0.04 nPa, and the plasma
β is mostly less than 5, except for inside 21:00–23:00 soaring
to 10 twice, shown in Figure 4.
In this period, we notice a 2-hour temporal interval from
23:00 April 5th to 01:00 April 6th in a rather steady state,
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Figure 3 An overview of the measurements from MFI on WIND between 19:00 April 5th and 04:00 April 6th, 2001 UT. The four panels show the magnitude
and the x, y, z components of the magnetic field in GSE coordinate. The measurements are shown in the figure as data points.
with stable total pressure, plasma β, magnetic field strength,
and solar wind velocity. In Figure 5, the electron density, the
proton density, the total magnetic field strength, the plasma
kinetic pressure, the magnetic pressure and the total pressure
of the two hours are shown from the top panel to the bottom
panel. The Pth and PB vary oppositely when the total pressure
stays steady. Obviously, the anti-correlation between Pth and
PB appears from time to time. Thus, we suppose pressure-
balanced structures may be embedded in this period’s solar
wind. To investigate the relation of Pth and PB, as well as
that of Ne and B, we apply the wavelet cross coherence anal-
ysis. In this work, we have studied the cross spectra of both
coherence coeﬃcient and the coherent angle.
First, we adopt the wavelet cross coherence analysis to re-
veal the detailed anti-correlation between Pth and PB. In Fig-
ure 6, we calculate the coeﬃcient and coherent angle spec-
trum of Pth and PB, using the wavelet transformation pack-
age from [23]. Figure 6 shows the wavelet cross-coherence
spectra between Pth and PB with a period ranging from 10
to 1000 s and a temporal interval between 23:00 and 01:00
UT. The left panel shows the spectrum of the coherence co-
eﬃcient, with its color bar ranging from 0 to 1 as blue to
red, and the right panel is the spectrum of the absolute coher-
ence phase angle, with its color bar ranging from 0 to π as
blue to red. In both panels, the black contours represent the
coherence coeﬃcient to be 0.8. Thus, the red region inside
the black contours in the left panel indicates where the cross-
coherence coeﬃcient is larger than 0.8. For easy comparison,
these contours are repeated in the right panel. Since the red
region in the right panel indicates where the cross-coherence
absolute phase angle is close to π (i.e. 180◦), by simultaneous
inspection of both panels, we can clearly identify that the red
region limited by the contours has a phase angle of π or −π,
which means that here the plasma kinetic pressure and mag-
netic pressure are strongly anti-correlated. This negative cor-
relation appears in the large scales over the whole time period
considered in Figure 6, but it becomes more intermittent with
shorter duration, as the scale decreases (from the bottom to
top of the panel). Thus Figure 6 indicates an increasing num-
ber of PBSs as temporal scale decreases. Besides, it should
be mentioned that the unshadowed region in Figure 6 is the
0.95 confidential region of wavelet cross coherence analysis.
We could identify several discrete temporal intervals in
which the Pth and PB are anti-correlated. As the scale short-
ens, the length of the temporal interval decreases. When the
period (temporal scale) is larger than 1000 s, the Pth and PB


































Figure 4 An overview of plasma pressure, magnetic pressure, total pressure and plasma beta between 19:00 April 5th and 04:00 April 6th, 2001 UT. The
four panels show the plasma β, the plasma thermal pressure Pth, magnetic pressure PB, and the total pressure Ptotal. The measurements are shown in the figure
as data points.
are anti-correlated in the whole time section from 23:00 to
01:00, showing as a red belt in the bottom of both panels
of Figure 6. When the period is about 200 s, the Pth and
PB are anti-correlated between 23:40 and 23:50, 23:55 and
00:10, and also possibly from at least 23:05 to 23:12, for the
beginning of the whole temporal interval is outside the con-
fidential region. In general, the anti-correlation with scale
of 200 s appears in several 10-min temporal intervals. As
the period decreases to shorter than 100 s, we notice that be-
tween 23:25 and 23:26, 23:26 and 23:27, 00:10 and 00:11,
00:19 and 00:21, and 00:48 and 00:51 the Pth and PB are
anti-correlated. To sum up, the anti-correlation with scale
less than 100 s appears in several 1-min temporal intervals.
Furthermore, we calculate the coeﬃcient and coherent an-
gle spectra of Ne and B, using the wavelet transformation
package from [23] as well. Figure 7 shows the wavelet cross-
coherence spectrum between Ne and B with a period ranging
from 10 to 1000 s and a temporal interval between 23:00 and
01:00 UT. The same as in Figure 6, the left panel shows the
spectrum of the coherence coeﬃcient, with its color bar rang-
ing from 0 to 1 as blue to red, and the right panel is the spec-
trum of the absolute coherence phase angle, with its color bar
ranging from 0 to π as blue to red. To compare the infor-
mation of the coeﬃcient and the coherence angle, the black
contours in both panels indicate the coeﬃcient to be 0.8.
We could identify some anti-correlation regions of Ne and
B distributed in the whole temporal interval from 23:00 to
01:00. Compared to Figure 6, we notice that the number of
anti-correlation regions of Ne and B is less than that of Pth
and PB. From Figure 7, we observe that with scale of 200 s,
between 23:43 and 23:47, and 23:55 and 00:08 the Ne and B
are anti-correlated. With scale of 100 s, Ne and B are anti-
correlated between 00:48 and 00:50. And with scale of 40 s,
Ne and B are anti-correlated between 00:18 and 00:19. Obvi-
ously, these temporal intervals are just the among the tempo-
ral intervals when Pth and PB are of anti-correlation, though
for Ne and B the anti-correlation lasts for shorter time than
Pth and PB.
Figures 6 and 7 show the wavelet cross-coherence spec-
tra of Pth-PB and Ne-B, respectively, with diﬀerent temporal
scales from 10 s to 103 s. According to the time variation of
Ne -B and Pth-PB, and the steady total pressure shown
in Figure 5, we believe the solar wind we study is composed
of pressure-balanced structures over multi-scale. It indicates
that the PBSs also exist on small temporal scales (less than
one hour), not only on large temporal scales (longer than one
hour) in the solar wind turbulence. Since the anti-correlation
between Pth and PB stays continuously over multi-scale in
several temporal intervals, shown in Figure 5, we suppose
this phenomenon may indicate the small PBSs embedded in
the larger ones.
2 Discussion
For the first time, we observe the anti-correlation between the
fluctuations of Pth and PB from their time variation and their






























































Figure 5 The time variation of the electron density, proton density, magnetic field magnitude, plasma thermal pressure, magnetic pressure, plasma β and total
pressure from 23:00 April 5th to 01:00 April 6th. From the top to the bottom panel, the electron density, the proton density, the magnetic field magnitude, the
plasma β, the plasma thermal pressure, the magnetic pressure and the total pressure are displayed respectively. The measurements are shown in the figure as
data points.
Figure 6 The left panel shows the wavelet cross coherence coeﬃcient spectrum between Pth and PB in the temporal interval between 23:00 April 5th and
01:00 April 6th, 2001. The color represents the correlation coeﬃcient and the black contour marks the coeﬃcient to be 0.8. In the right panel, the wavelet cross
coherence angle spectrum of Pth and PB is shown. The color represents the angle and the black contour marks the coeﬃcient to be 0.8.
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Figure 7 The left panel shows the wavelet cross coherence coeﬃcient spectrum between Ne and B in the temporal interval between 23:00 April 5th and 01:00
April 6th, 2001. The color represents the coeﬃcient and the black contour marks the coeﬃcient to be 0.8. In the right panel, the wavelet cross coherence angle
spectrum of Ne and B is shown. The color represents the angle and the black contour marks the coeﬃcient to be 0.8.
wavelet cross-coherence spectra over a large range of scales
from one hour down to ten seconds during the same solar
wind period. Our observation for the first time oﬀers the di-
rect evidence to support the existence of small scale (lasting
time less than one hour) pressure-balanced structures in the
solar wind. If we calculate the spacial scale of the pressure-
balanced structures simply by the solar wind velocity and the
duration of the anti-correlation of Pth and PB, the multi-scale
PBSs observed in our study are from 5000 to 500000 km.
To compare the correlation between Ne and B with that
between Pth and PB in the pressure-balanced structures, we
also investigate the relation between Ne and B by the wavelet
cross-coherence spectrum. As a result, we observe a similar
pattern of the Pth-PB and Ne-B spectra. In detail, the tem-
poral intervals of anti-correlation for Ne-B are among that of
Pth-PB, but with shorter lasting time.
Previously, Yao et al. [16] discussed the producing mecha-
nism of PBSs by the electron density fluctuation power spec-
tra density (PSD), and from the PSD’s slope as −5/3 spec-
ulated that the PBSs may be dominated by the cascading of
Alfve´nic fluctuation. In order to explain the PBSs observed
by WIND in our study, we decide to compare our electron
fluctuation PSD with that of [16]. In the comparison dis-
played in Figure 8, we observe the similar trend of the Ne
fluctuation spectra measured by WIND and Cluster on April
5th, 2001 at 1 AU. The power density spectrum (PSD) of
Ne measured by WIND covers the frequency from 0.001 to
0.1 Hz, showing a slope of −1.97. While the PSD of Ne mea-
sured by Cluster 1 [16] covers the range from 0.01 to 2.5 Hz,
having a slope of−1.51.The slopes close to−5/3 suggest that
the fluctuation of Ne is controlled by the Alfve´nic cascading.
Considering the time when Cluster and WIND detected the
PBSs is almost the same, with the similar solar wind velocity
and the similar magnetic field strength, we tend to believe the
PBSs detected by Cluster and WIND have the same origin.
One of the physical explanations for the existence of the
multi-scale PBSs in the solar wind at 1 AU could be the out-
ward propagating flux tubes from the solar corona. Thieme
et al. [3] suggested that the large scale PBSs, with temporal
Figure 8 Relative fluctuation spectra of Ne measured by WIND and Clus-
ter at 1 AU on April 5th and 6th, 2001. The x axis is frequency and the y axis
is the logarithmical value of the normalized power spectrum. The spectra
are fitted by the least-mean-square method, and the slopes are given in the
labels, which are close to −5/3. Besides, in the application of the multitaper
method the number of data tapers is set to be 12.
scale larger than 1 hour or spatial scale larger than 106 km,
may originate from the network with size of 10000 km. Con-
sidering the smallest PBSs observed in our study are about
5000 km in size, which are less than one percent of the large
scale ones, thus the flux tubes forming the small scale PBSs
have to be less than 100 km’s size on the sun. However, such
a small size structure in the solar atmosphere touches the res-
olution limit of the optical observation. A possible corre-
sponding magnetic structure is the magnetic element, though
the magnetic element itself still waits for observational con-
firmation.
Besides, the in situ slow magnetosonic waves and the mir-
ror mode waves could also contribute to the formation of
PBSs , as they both have the anti-correlation between Ne and
B as a feature [24]. Above all, we could not determine the
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true producing process of these multi-scale PBSs so far. And
further investigation is required to reveal more physical na-
ture of these small scale PBSs.
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